Abstract: This paper simulates the photonic band structure in facecentered-orthorhombic and face-centered-tetragonal woodpile-type photonic crystals and shows the fabrication feasibility of these crystals with phase mask based holographic lithography. The experimental demonstration on SU-8 photoresist indicates that a single optical element can replace a complex optical setup for the holographic fabrication of woodpile-type photonic crystals. Photonic band gap calculation predicts the existence of full band gap in these crystals. Optimum band gap sizes are studied for crystals formed under various experimental conditions. by pore size and connectivity control in colloidal crystals by layer-by-layer growth of oxide," Chem.
Introduction
A photonic crystal is a dielectric medium in which periodic microstructures are formed using high refractive index contrast materials. Since its first introduction in 1987, a large number of applications have been proposed using photonic crystal structures [1] . However, it has been a great challenge to rapidly fabricate large-area and defect-free three-dimensional (3D) photonic crystals at low cost. Holographic lithography has recently been employed to fabricate 3D photonic crystals by exposing a photoresist or polymerizable resin to interference patterns of laser beams [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . This multi-beam interference technique has produced defect free, nanometer-scale structures over large substrate areas [3] . Photonic structures are defined in photoresist by isointensity (iso-laser dosage) surfaces of interference patterns [4, 5] . A desired geometrical structure could be obtained by single or multiple exposures [6] [7] [8] 10] . The holographic lithography has also been used to produce tunable photonic crystals in a liquid crystal and polymer system [13] , and to demonstrate a chiral microstructure in SU-8 photoresist [14] . In the case of positive resist, the overexposed material is then dissolved away in the post-exposure processing. The underexposed region forms a periodic network and acts as a 3D photonic crystal template. The template can then be infiltrated at room temperature with SiO 2 and burned away, leaving behind a daughter "inverse" template [15, 16] . Finally, the daughter template is inverted by infiltration with silicon and selective etching of the SiO 2 [16] .
However, fabrication strategies that rely on interference of multiple independent beams can introduce alignment complexity and inaccuracies due to differences in the optical path length and angles among the interfering beams as well as vibrational instabilities in the optical setup [9] . In order to improve the optical setup, diffractive optics elements or phase masks have been introduced to create the interference pattern for the holographic fabrication of photonic crystals [9] [10] [11] [12] . When a single beam goes through a diffractive optics element or a phase mask, an interference pattern will be formed behind these optical devices [10] [11] [12] . If designed properly, a single optical element can replace a complex optical setup to generate a desired interference pattern. Another advantage of these single optical element techniques is that they are compatible with the conventional photolithography so that people can take advantage of standard tools of the electronics industry for the fabrication of 3D photonic crystals. The phase mask technique, which can use laser power much efficiently, will be an industry-favored approach for the holographic fabrication of 3D photonic crystal.
In this paper we studied the interference pattern formed through the phase mask. For the first time to our best knowledge, we demonstrated that a series of woodpile-type photonic crystal templates with tetragonal or orthorhombic symmetries can be practically fabricated in a photoresist if exposed to the interference pattern generated through the phase mask. Detailed photonic band gap calculations have revealed the existence of a photonic full band gap in these structures if the photonic crystal template is converted into silicon.
Theoretic description
As shown in Fig. 1 (left) , when a single beam goes through a one-dimensional phase mask, the beam will be diffracted into three beams. Beams 1 and 2 are from first order diffraction and beam 3 is from zero order diffraction. Beam 1 or 2 has a diffraction angle θ relative to beam 3. Mathematically these three beams are described by:
k and ω are the wave vector and angular frequency of the beam, respectively, E is the constant of electric field strength, and δ is the phase of the beam. These three beams will generate a two-dimensional interference pattern. The interference pattern is determined by the laser intensity distribution I in 3D space: A phase mask can replace a complex optical setup for a generation of interference pattern; (middle) a simulated woodpile-type photonic structure formed in the doubly-exposed photoresist; (right) a schematic illustration of woodpile-type photonic structure with orthorhombic or tetragonal symmetry and its lattice constants.
As shown in Fig. 1 (left), these three beams are overlapped if the beam size is big enough. Fig. 1 (left) shows the interference pattern generated behind the phase mask, assuming the incident laser beam has a polarization in y direction. The interference pattern is periodic in the z-direction as well as in x-direction. The periodicity of the interference pattern along x direction is λ/(sinθ) (where λ is the wavelength of laser beam generating the interference pattern). The periodicity c of the interference pattern along z direction is λ/(2sin 2 (θ/2)). After the photoresist is exposed to such interference pattern, the sample is rotated by an angle of α along the propagation axis of the incident beam and its position is displaced along the laser propagation direction by ¼ times λ/(2sin 2 (θ/2)). The distance of moving the sample is about submicron. It can be achieved through a motor driven linear motion stage with a resolution of 50 nm. The rotation can also be controlled by a motor driven rotation stage with a wobble of 70 µrad so that the sample is kept almost unmoved in the z direction during the rotation process. Then the photoresist receives second exposure. The doubly-exposed photoresist is then developed to form a 3D woodpile-type photonic crystal template. Fig. 1 (middle) shows a simulated photonic structure formed with the rotation angle α=90 degree if a negative photoresist is used. After the photoresist development, the under-exposed area is dissolved away while the area exposed with above-threshold laser dosage is networked to form periodic structures. We illustrate in Fig. 1 (right) how we construct crystal lattices. We set a fundamental length scale L=λ/(sinθ) for such structure because the three beam interference pattern is determined by the laser wavelength and the interference angle θ. L is actually equal to the grating period of the phase mask. The lattice constants in xy plane depend on the angle α. They are related by a=L/(cos(α/2)) and b=L/(sin(α/2)), respectively. The photonic crystal template has a lattice constant along the z direction c= λ/(2sin sample rotation angle α is 90 degree, we have a=b. Thus the 3D structure has a face-centeredtetragonal or face-centered-cubic symmetry [10] . If the angle α is less than 90 degree, a facecentered-orthorhombic (a≠b≠c) or face-centered-tetragonal (a≠b=c) structure is formed in the photoresist.
Photonic band gap calculation
The woodpile-type photonic crystal template will be converted into high refractive index materials using the approach of CVD infiltration [15, 16] in order to achieve a full band gap photonic crystal. We calculated the photonic band gap for converted silicon structures where "woods" are in air while the background is silicon. The calculation has been performed for photonic structures formed with various interference angles θ and rotation angles α. Fig. 2  (left) shows the first Brillouin surface of the face-centered-orthorhombic lattice. Coordinates of high symmetric points on the Brillouin surface varies with different structures. MIT Photonic-Bands Package [17] was used to calculate the photonic band gap of the converted silicon structure. Fig. 2 (right) shows the photonic band structure for the converted silicon woodpile-type structure with c/L=2.4 and α=51 degree (the dielectric constant of 11.9 was used for silicon in the calculation [4, 5] ). We would like to clarify that the λ photon in the y-axis label of the Fig. 2 (right) is the wavelength of photons in the photonic band, not the wavelength of the exposure laser. The band structure shows that a photonic full band gap exists between the 2nd and 3rd bands with a band gap size of 8.7 % of the gap center frequency. Figure 3 (left) shows optimum photonic band gap sizes as a function of rotation angle α for photonic crystal structures formed at different interference angles θ. When the rotation angle α is less than 90 degree, the band gap size initially decreases with the reduced angle α. With further deceasing rotation angle α, the band gap size starts to increase. After reaching a maximum value, the band gap size decreases again with reduced rotation angles. The variation of band gap size is closely related to the change of symmetry of photonic crystal structures. Given the lattice constants (a, /2)) ) respectively, the fabrication process with the rotation angle α=90 degree produces a tetragonal symmetry for the photonic crystal structure with the lattice constant a=b. With decreasing angle α, photonic crystals with an orthorhombic symmetry is formed with a≠b≠c. The bandgap starts to increase with the decreasing rotation angle α when the rotation angle α is approaching to a point such that 1/sin(α/2)=cot(θ/2) where a structure with tetragonal symmetry is formed with lattice constants b=c, Further decreasing of the rotation angle reverses the trend of bandgap size as a function of rotation angle α. For the photonic crystal structure formed at a larger interference angel θ, the rotation angle has a value close to 90 degree in order to have a tetragonal symmetry with b=c. The maximum band gap size is reached when b=c. However the rotation angle is smaller in order to have the tetragonal symmetry with b=c in structures formed at a smaller interference angle θ. Second exposure after a smaller rotation angle produces a photonic crystal microstructure not ideal for an optimum of photonic band gap size although b=c. Instead the maximum band gap occurs in a structure where b is slightly less than c. For the case of c/L=2.3, the rotation angle α=51.5 degree is needed in order to have b=c thus a tetragonal structure. As seen from Fig. 3 (left) , an optimum band gap occurs in the structure where the rotation angle α=55 degree. Figure 3 (right) shows the optimum band gap size in face-centered-tetragonal photonic structures which is formed with the rotation angle α=90 degree and in face-centeredorthorhombic structure where α≠90, under different beam interference geometries. When c/L is small (beams have a larger interference angle), a rotation angle of 90 degree is preferred in order to have a larger band gap. However if c/L is larger than 2.0, then the face-centeredorthorhombic structure is preferred for a larger band gap. At c/L=2.3, the optimum band gap size is 11.7% of the gap-center frequency for a face-centered-orthorhombic structure formed with a rotation angle near 55 degree. While the face-centered-tetragonal structure formed with α=90 degree has a gap size of 6.7%. 
A proof-of-principle demonstration
Utilizing the phase mask method a number of photonic structures can be generated; however there are some practical issues in realizing a photonic structure with a photonic full band gap. Fig. 3 (right) shows that a photonic band gap exists in structures with smaller c/L values.
Because c/L=cot(θ/2), a bigger interference angle is required in order to generate an interference pattern for a structure with a photonic full band gap. When the photoresist is exposed to an interference pattern, the interference pattern inside the photoresist will be different from that in air. In the case of c/L=cot(θ/2)=2.5, an interference angle θ=43.6 degree is required, which is greater than the critical angle of most of photoresist. In order to expose the photoresist to an interference pattern formed under a bigger interference angle, a special setup is arranged for the phase mask and the photoresist as shown in Fig. 4 (left) . The photoresist is placed on the backside of the phase mask with the contact surface wetted with an index-match mineral oil. The design of the phase mask is modified correspondently. As a proof-of-principle, we have fabricated photonic crystals with rotation angles of 90, 60 and 45 degrees through the phase mask based holographic lithography. 514 nm line from an Ar ion laser was used for the exposure of 10 µm thick SU-8 TM photoresist spin-coated on the glass slide substrate. The SU-8 photoresist was modified by adding H-Nu 470 and OPPI photoinitiators (Spectra Group Limited) to make the photoresist sensitive to 514 nm. The photoresist and phase mask were both mounted on high-precision Newport stages. Both the phase mask and photoresist were kept perpendicular to the propagation axis of the incident Ar laser beam as shown in Fig. 4 (left) . The modified photoresist was exposed to the laser beam with a power of 1 W and a size of 1 mm for 4 seconds. We show in Fig. 4 (right) SEM of fabricated structures in SU-8 TM photoresist with the rotation angle α=90 degree. The sideview of the SU-8 structure is shown in the insert of the Fig. 4 (right) . The top-view of the SEM shows layer-by-layer structures, in agreement with the simulated structure in Fig. 1 (middle). The side-view of the structure demonstrates the typical interference pattern as shown in Fig. 1 (left) . The fabricated SU-8 structure is indeed a woodpile-type photonic crystal template. The detail fabrication results will be reported elsewhere.
Summary
In summary, we have demonstrated for the first time to our best knowledge that both facecentered-orthorhombic and face-centered-tetragonal woodpile-type photonic crystals can be fabricated through phase mask based holographic lithography. The phase mask approach has simplified the optical setup for the holographic fabrication of 3D photonic crystals. The woodpile-type structure and band gap of photonic crystal can be controlled by the holographic lithography. Our simulation predicts that a full band gap exists in both orthorhombic and tetragonal structures. The study not only leads toward a possibility of fabrication of photonic crystals through holographic lithography for structures beyond intensively-studied cubic symmetry but also provides a blueprint defining the lattice parameter for an optimum band gap in these orthorhombic or tetragonal structures.
